We present ab initio Hartree-Fock lattice calculations on adenine, guanine and hypoxanthine, and some pyrimidines, including cytosine and uracil derivatives. The electric field gradients at the nitrogen centres are related to NQR experimental determinations of nuclear quadrupole coupling constants. The calculations were performed as lattice calculations in the unit cell environment, with 6-31G or double zeta basis sets at the SCF level. The present analysis strongly suggests that at N 3 in cytosine, N 3 in guanine are both positive, and approximately tangential to the ring at that centre. In contrast, N 7 in guanine is like most other azine-type N centres, with a largely radial direction for
Introduction
We have recently given a number of results of ab initio Hartree-Fock lattice calculations [1 -3] in which the electric field gradient (EFG) tensor elements (q ü ) are related to the nuclear quadrupole coupling constants (NQCC, \u) obtained by microwave spectroscopy (MW) of the vapour, or NQR of the polycrystalline solid [4, 5] . The relationship between the EFG and NQCC is shown in the equation
Xu = e
2 Q z q n lhal = 234.96 Q z q ih (1) where Q z is the relevant atomic quadrupole coupling constant. Values for these with the common nuclei l4 N and 2 H are well known [6] . The principal EFG element is shown in the equation
where there are also elements by cyclic permutation of x, y, z; off-diagonal elements (e. g. with operator xy/r 5 ) have been removed by diagonalisation.
Other factors connecting the EFG and NQCC with experiment are shown in the equations l\J > l\v,l > IXj (a standard convention adopted here) and n = (X xx -Xyy)/X zz ,
where the asymmetry parameter (//) is defined.
The present paper extends our recent ab initio Hartree-Fock SCF calculations to new systems; for a more detailed background cf. [4] and [5] . The new results used 'CRYSTAL-92', SCF programme for periodic systems [7 -9] , and the EFG's were evaluated from the final wave-function by use of the full operator(s) shown above. An important objective of the present study is to determine the signs of the quadrupole coupling. For the present series of compounds, this has rarely been discussed; similarly, the directions of the tensor elements have been uncertain.
Basis sets
In view of the large size of the molecules and lattice cell size, we normally used the Pople 6-31G basis, which is very efficient in the CRYSTAL-92 programme [10] , owing to the constraint of s-and p-orbitals to the same radial functions. However, we have found these bases inferior to double zeta (DZ) ones with independent s,p-functions. In some cases, the 6-31G were of the maximum size possible with current programme limitations. In other cases convergence difficulties prevented use of the DZ sets. Hence, where possible we used Huzinaga/Dunning double zeta (DZ) [11, 12] bases for these lattice calculations.
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In some cases, molecular calculations were carried out with the GAMESS-UK suite of programmes.
The lattice calculations, under all circumstances, produced large files of electron repulsion integrals(in excess of 10Gb), making storage of these impossible. Hence 'direct-scf' calculations were performed, in which the Fock matrix was computed directly. Since the overall integral set has to be recalculated at each iteration, this makes the calculations much longer in CPU time than conventional scf methods. All of the compounds were studied at the crystal structures, with preference for neutron diffraction ones; where these are not available, the C-H and N-H bond lengths were set to 1.085 and 1.020A; this was unnecessary for the neutron diffraction strutures.
The 14 N Atomic Coupling Constant (Q N )
We use the 'best' values for both Q N and Q H [6] . However, for relatively small bases such as DZ or 6-31G, there is a strong case for treating the value of Ö N as a scaling parameter; this was previously done with our DZ results [1] , using a correlation of EFG {q n ) against \ u from microwave data, to evaluate the appropriate <2 N . The scaled DZ i4 N correlation constant was 3.5244 MHz / a. u. (15.000 mb), to be compared with the 'best* value for Q N of 20.1 mb; we have insufficient material to obtain a scaled value for Q H SO we use the 'best" value (2.860 mb) [6] , where 1 barn = 10~2 8 m 2 = 100 fnr.
Results
The cell data for the molecules studied are shown in Table 1, the EFG in Table 2, the derived NQCC  and a comparison with NQR data in Table 3; the Mulliken populations in Table 4 are 6-31G except where stated otherwise. 6-31G is the only basis set capable of use through the whole series. The molecules are all different in type and are discussed individually. In some cases, we have partitioned the total atomic populations into bond contributions; these are shown for particular cases in the Figures. In the following discussion, since all the molecules are planar, we have a (T/TT separation; the local EFG tensor elements for these cyclic structures are largely radial and tangential (R andT), leading to \ n , \ R , and \ T . It is apparent from the NQR literature cited below for a number of NH bonded groups, where more than one NH occurs in the molecule, that assignments to particular sites are provisional at best; in general no evidence has been presented, and insufficient variations in structure are available to use substituent effects.
Uracils
Uracil [13] itself has space group P2,/a (Table 1), whereas the 1,3-dimethyl- [14] , l-methyl-4-thio- [15] , and 2.4-dithio-uracils [16] are all P2,/c, giving a total of 300 -400 AO's per cell. Owing to the lower symmetry, 2-thiouracil (P_j) [17] has only 178 AO's per cell.
Each of the simple uracils show |18 -21] very similar NQCC at N| and N^ for the cases where the 2-and 4-groups are similar (Table 3 ; 3b, 3c, 3e). The NQR experiment does yield slightly differing asymmetry parameters for the centres N, and N 3 in these circumstances, and they are chemically distinct; however, neither the NQR data nor the calculations are sufficiently precise to allow any differentiation of the sites.In contrast, when the 2-and 4-groups are different [20] (Table 3 ; 3d) or the 1-and 3-groups differ, then the calculations do distinguish the sites, and in the former case there is very close agreement with the NQR data. In this group of compounds 3a-3e, all except l,3-dimethyluracil(3b) have H-bonded lattices; hence the dimethyl-compound is a good case to observe the intrinsic properties of the uracil system. The present data support the N,H and N 3 H order proposed previously [19] , A 2-thio-substituent raises the asymmety parameter considerably at both N, and N 3 , but the case which would be most important is 4-thiouracil, where the change at the non-adjacent N t is of interest.
So far there appears to be no crystal structure for 4-thiouracil. The atomic populations (Table 4) show very high polarisation of all bonds, a characteristic of the 6-31G basis set; the DZ/SCF and DZ/MP2 correlated wavefunctions produce smaller bond dipoles (Figures 1 to  6 ), obtained by summing the charges around centres, but the principal effects are similar to 6-31G, so that discussion of the latter is justified. Comparison of uracil with its 1,3-dimethyl-derivative (Figs. 1 and 2) shows that replacement of H by Me leads to an increase in electron donation to N (from about 0.33 to nearly 0.4 e); in consequence the N-CO bonds are less polarised in the NMe compound, and the CO dipoles are increased. The 1-Me group also has a marked effect on the C 5 HC 6 H unit; the reduction in electron flow to N,Me from C 6 leads to much lower polarity of the C 5 HC 6 H unit. Exchange of H by Me is primarily a (j-bond effect. These changes around the N atoms whose environment is now 3 C atoms, reduces the asymmetry parameter substantially. This occurs mainly by averaging the values of \ and \ xx , which would occur totally in a D 3h environment.
2,4-Dithiouracil has all bonds polarised in the same direction as uracil itself (compare Figs. 1 and 3) . Although the polarisation of the 4-CX (X = O, S) group is higher than 2-CX in each compound, the dipoles on CS are reduced by about 30% relative to CO. Other major changes are the reduction in dipole on the C 6 N,, C 4 N 3 and the C 2 N 3 bonds in the X=S case.
Cytosines

Cytosine free base
The crystal structure of cytosine (P2,2,2 1 ) shows [22] a strongly H-bonded lattice with N 3 (of azinetype) weakly bonded to H in another HN, at a distance of 1.86 A; similarly, both H-atoms attached to the C 4 NHt group are H-bonded to the C^O oxygen atoms at about 2.00 A. A number of authors have investigated this system, both in the neutral [ 18, 23, 24] and protonated [24 -26] forms. Some workers [18, 23] had difficulty with the resonances for one centre, assumed on the basis of comparision with nucleoside derivatives [18] to be N,; the complete set of resonances was subsequently obtained [21] , but does not agree well at one centre with another experiment, where the assignment was based on only 2 resonances [24] , one of which was not reported by Rabbani et al. [21] . However, on the basis of changes in acid level leading to the protonated form, the experiments yielding only two resonances [24] look more reliable. In [21 ] , the positions N, and N 3 are numbered in the reverse order, but identified by the attached H-atom. The agreement between the NQR data [24] and the present calculations leads to a simplification of the spectral interpretation by removing the centre N, from further consideration.
The position at N 3 and the 4-NH 2 group are reminiscent of melamine, 2,4,6-triamino-l,3,5-triazine, where the same structural unit occurs [5, 27] , and also the purines discussed below. The anticipated large lone-pair (or imine) NQCC (\ R ) at the pyridine-like N is expected to be near -4 to -4.5 MHz; when there are adjacent NFF groups, as here, this does not occur [27] ; the magnitude is much reduced. In part, this must be a result of H-bonding present in the aminocompounds but absent in the azine. Further examples are found by comparison of simple pyrimidines with 2-aminopyrimidine [28] , In the melamine calculation [5] , \" was calculated about 1MHz too large (but negative) at both ring and NH 2 centres. The present calculations used two basis sets, and the results appear similar, but again high. The results are in general agreement with the assignments of both NQR investigations [21, 24] , However, the sign of \"_ at N 3 is positive with both 6-31G and DZ bases, with the zaxis being the local tangential (T) axis; this implies a strong reduction of \ R in these circumstances, and a switch of direction in and \ vv relative to a separate lone-pair (\ R ). The 'free' molecule of cytosine has \" negative at N 3 , so the switch in axes is a result of the neighbours to N, and N 3 in the lattice. A similar effect occurs with the azoles, such as imidazole [29] , The present assignment for N 3 in cytosine is a reversal of and x vv relative to the assignment by Garcia and Smith [24 j.
The atomic populations for cytosine, when converted to the local bond dipoles for the 6-31G/SCF and DZ/MP2 calculations (Figs. 4 and 5) show mainly similar polarisation of bonds, but the more rigorous calculation does suggest that N 3 is only an electron acceptor from C 4 . The 6-31G/SCF optimised molecular structure (not shown) is very similar to the lattice one ( Figure 4 ).
Cytosine Hydrochloride
A number of crystal structures of cytosine salts are known, but the simplest where NQR data are also known, is the hydrochloride [30] . The structure is P2|/N, leading to 352 AO's per unit cell. The NQR data for the hydrochloride and hydrobromide are very similar, and it seems probable that the same assignments will apply. It is helpful to consider the DZ+MP2 optimized structures for the free base and 3H-protonated forms of cytosine first. On a relative basis, protonation at N 3 leads to a rise in asymmetry at N,, and also an increase in magnitude for \ n and \ T ; at N 3 , protonation is accompanied by a drop in i] and an increase in this time with a switch of the 7T and R axes. This is readily understandable in terms of the similarity of N,H and N 3 H when in the protonated form with the corresponding positions in the neutral cytosines. Thus the direction of \"_ at N 3 H in cytosine hydrochloride is probably the 7r-direction, as is that at N 4 H-, in both the neutral and protonated forms.
It is not practicable to extract the local a-and TTcomponents of the cytosines from the crystal lattice calculations, since the molecules do not lie parallel to a cell axis; on the other hand we can compare the TTelectron densities for the free base and 3H-protonated forms from the 'free molecule' calculations. The results (Table 4) show that protonation of N 3 leads to a loss of --electron density at most centres, especially N 4 and C 6 , but that N 3 gains by 0.38 e; the polarisation of the bond in the neutral and cation are shown in Figs. 5 and 6. Hiyama et al. [25] have drawn attention to the anomalously low \" at the imino-N atom (N 3 ) in cytosine and noted that protonation increases this to a more usual level. This was attributed to a high 7T-electron density in the free base at N 3 [25] . The present work supports the phenomenon, but with the reverse reason; namely the protonated form has an especially high density at N 3 H. Thus the conclusions by Hiyama et al. [25] , which were based on the assumption that Y-. is negative at N 3 H. are incorrect.
The 1-methy lcytosine hemi hydriodide hemihydrate
This is more simply described as a dimeric 1-methylcytosine structure, with an unsymmetrical mono-protonation, leading to two distinct ring structures [31] . The P_| space group made a 6-31G basis calculation practicable. The l4 N NQR spectrum [25] has not yielded enough lines to enable a full assignment of frequencies, let alone attribution to centres. Thus we discuss the data, as did the authors [25] in the light of changes relative to the free base and protonated forms of cytosine.
The crystal lattice contains 4 pairs (space group P_i) of 4 species, the 'neutral' C 5 H 7 N 3 0 2 (A) and 'cationic' species C 5 H 8 N 3 0-, + (B), an iodide anion, and a water molecule; the Mulliken analyses show that the total charge associated with the 'neutral' and 'cationic' species is identical, with the water molecule nearly neutral and the iodide anion component having only a partial charge of 0.677 e. Thus a considerable level of electron reorganisation occurs on dimer formation. The added 3H-proton has a charge of 0.38 e, and hence has a very weak tr-bond to N 3 , even though the atoms are close. The principal differences between corresponding positions in the dimer structure are at N 3 , and to a lesser extent also at N,, which have higher population in the 'cation' than the 'neutral'; the reverse effect occurs at the C 2 0 2 , C 4 , C 6 and the 4-NH^ groups. Thus the 3H-proton polarises the skeleton of the 'cation' by electron withdrawal from the latter group of sites. There are a number of probable similarities to the cytosine 3H-protonated example above, but owing to the complexity of the wave-function, and the molecules not lying parallel to a crystal face, we could not perform a detailed analysis. comparison of Figs. 4 and 5 is a typical case of the 6-31G basis set at the SCF level in contrast to the DZ basis set at the correlated MP2 level; the reduction in charges is marked for the latter case, but (as the directions of the arrows confirm) the dipoles are all in similar directions. Perhaps the most interesting is the protonated species (Fig. 6) ; the internal dipoles are large, showing the general delocalisation of the positive charge. All the H and C atoms are positive, with the N and O atoms negative; only when the dipoles are summed does the overall net unit charge re-emerge.
Purines
Double resonance NQR data for several purines such as adenine [18, 21, 24] , guanine [23, 24, 32] , and hypoxanthine [ 18, 21, 24, 32] have been obtained. Assignments on the basis of interrelations between these and related compounds, where the 9-HN was replaced by the 9-ribosyl group were given [21] . Thus all 15 resonances for adenine were observed [21 ] , and many of these have been confirmed [24] , Some of these studies also led to 2 H NQCC via the ND and ND 2 compounds obtained by D^O treatment; in practice, many of these compounds crystallise in hydrated forms, and there is no evidence [21, 24] that the 14 N NQCC are changed between the anhydrous and hydrated forms.
The crystal structure of adenine trihydrate [33] has space group P_,; because of the low symmetry for this large system, a CRYSTAL-92 calculation on the crystalline system has only 46 atoms per cell; it proved possible to perform calculations at both the 6-31G (274 AO's) and DZ (300 AO's) basis set level. In contrast, hypoxanthine, with the same P_, space group, has two hypoxanthine molecules to the asymmetric uni [34] , hence making the lattice calculation much larger. Guanine mono-hydrate, has space group P2,/c, with a water molecule lying on a symmetry axis [35] .
For guanine, the full set of NQR frequencies is deficient, in that only one frequency, associated by the authors with the pyridine-like centre N 3 has been obtained [24] , The present results (Table 3) suggest that the general trends above with the 6-31G basis set continue, namely that pyrrole-like centres of NHtype are reasonably well determined, and support the previous conclusions based on comparisons between compounds. Both N, H and N 9 H have high asymmetry parameters. The other principal difference between the centres N 3 and N 7 , is that the latter is predicted to be a normal lone-pair centre, with negative value to \", whereas N 3 is predicted to have positive.
The hypoxanthine calculation obtains reasonably good agreement at both N, H and N 9 H, but the asymmetry parameters are much higher at the other centres. In view of the 2 molecules present in the asymmetric unit, upgrading this calculation will be difficult. Adenine follows the same general conclusions for the other purines above; however, the only positive \" is that for the 6-amino group. This is unusual and implies a much stronger interaction of the NFL group with the ring than is usual.
Conclusions
The present study was limited by the use of the 6-31G basis set for most of the lattice systems studied; this is probably the minimum basis set capable of giving some qualitative information on the signs and directions of the EFG tensor elements when compared with NQR data. In the few cases where we have been able to perform DZ basis set calculations, the results are similar; since the latter, with its additional variational freedom through separate radial functions for s and p orbitals, has been relatively successful in our previous work, we think the present study has important new assignments.
There are substantial differences between the calculated and the NQR data for the NQCC at a number of sites in the present series of molecules. The objective of this and related work is to offer an assignment (signs and directions) for the experimentally determined magnitudes. This aspect has not been discussed for the present compounds previously. Except where the asymmetry parameter is high, say above 0.8, the present set of signs is likely to be secure. In this circumstance, deviations of even 20% from the experimental magnitudes are unlikely to be important. The reasons for such discrepancies lie outside the scope of this work; the calculations are constrained by basis set limitations, and to SCF rather than CI calculations; also, the calculated results contain no vibrational effects, in contrast to the experimental data, where vibrational averaging occurs.
The cytosine free base, although much studied by NQR, has now been shown to have \" tangential to the ring at N 3 ; this is unexpected, but seems secure. The effect arises from the electron donation from the 4-amino group effecting the balance at N 3 . The amino-azines containing the H 2 N-C-N group seem to be worth further study, since the balance of electron density in the strongly 7r-electron donating NH 2 group, and strongly accepting ring N-atom, lead to a major perturbation of the basic ring system. A similar conclusion with the guanine molecule occurs, whereby \ " at N 3 is thought to be positive, in contrast to that at N 7 , which is negative like so many tertiary N-atoms.
The protonated cytosine ring has a further change of which is now in the 7r-direction at N 3 , consistent with notions of resonance in the HN-C-NH cationic moiety.
In general, the NH unit in these systems is better treated by the 6-31G/DZ bases than the tertiary ring N-atoms for this series. Hence, the studies with the purines have had limited success. However, these are the first ab initio lattice studies of such compounds. The essential requirement for a high quality crystal structure study is again demonstrated. The necessity to reset the CH and more importantly, NH bond lengths, because of the shortening observed in x-ray crystallography, might be dangerous in some cases; in extreme circumstances, this could determine the accuracy of the predictions of NQCC at such centres. There is a need to be able to optimise the parameters in the structure, with respect to CH and NH bond lengths and directions, while retaining the space group and heavy atom positions. There is a continued case for 
